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(54) Heterojunction bipolar transistor and method for fabricating the same

(57) A heterojunction bipolar transistor is fabricated
by stacking a Si collector layer, a SiGeC base layer and
a Si emitter layer in this order. By making the amount of
a lattice strain in the SiGeC base layer on the Si collector
layer 1.0% or less, the band gap can be narrower than

the band gap of the conventional practical SiGe (the Ge
content is about 10%), and good crystalline can be main-
tained after a heat treatment. As a result, a narrow band
gap base with no practical inconvenience can be real-
ized.
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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a heterojunc-
tion bipolar transistor which includes a base layer con-
taining a SiGeC layer with a small degree of lattice strain.
[0002] Conventionally, heterojunction bipolar transis-
tors (HBT’s) have a heterojunction barrier formed on the
boundary between the energy bands of the two semicon-
ductor materials differing in band gap from each other at
a junction between the emitter, the base and the collector
for the purpose of improving carrier accumulation and a
current amplification ratio. Such HBT’s have come to be
used as an active device in a microwave and millimeter
wave bands by making use of their high frequency char-
acteristic. Above all, HBT’s using a semiconductor of a
Group III - V compound such as GaAs have been studied
and developed most energetically; however, in recent
years, HBT’ s using SiGe material, which is a Group IV-
1V compound and can be formed on a silicon substrate
are being drawn attention (SiGe-HBT’s). These SiGe-
HBT’s are being drawn attention also because the base
layer made of a SiGe layer with a narrow band gap makes
them operable at a lower voltage than Si-BJT’s.
[0003] SiGe-HBT’s proposed so far to achieve spee-
dups are classified into two typical types: the one with a
SiGe base layer having a graded composition where the
Ge content is gradually increased in the direction from
the emitter layer side to the collector layer side (Refer-
ence Document 1) (L. Harame et al., "Optimization of
SiGe HBT Technology for High Speed Analog and Mixed-
Signal Applications," IEDM Tech. Dig. 1993, p.71), and
the other with a base layer having a high Ge content and
a high concentration of impurity doping so as to make
the base layer extremely thin (Reference Document 2)
(A. Schuppen et al., "Enhanced SiGe Heterojunction Bi-
polar Transistors with 160 GHz-fmax, " IEDM Tech. Dig.
1995, p.743.).
[0004] In the former transistors provided with the base
layer having a graded composition, the graded compo-
sition develops an electric field, which facilitates carriers
injected in the base layer to drift the base layer. The drift-
ing of the carriers due to the drift electric field is higher
in speed than carrier diffusion, so that the time required
to transit the base layer (base transit time) is accelerated
to provide a high frequency transistor.
[0005] On the other hand, the latter heterojunction bi-
polar transistors have a base layer composed of SiGe
having a uniform composition with a high Ge content and
having a narrow band gap. The base layer is doped with
a high-concentration impurity for carriers in order to de-
crease its thickness while suppressing a punch through
between the emitter and the collector, thereby to accel-
erate the base transit time. In this case, the base layer
having a narrower band gap than the emitter layer re-
duces the built-in potential of the PN junction between
the emitter and the base, thereby achieving a large col-

lector current and a high frequency characteristic at a
low voltage.
[0006] However, these prior art heterojunction bipolar
transistors have the following inconveniences.
[0007] First, in the heterojunction bipolar transistors
having the graded composition base structure, the gra-
dient of the composition must be large enough to have
a large drift electric field. In other words, of the base layer,
the region in contact with the emitter layer must have a
small Ge content, and the region in contact with the col-
lector layer must have a large Ge content. For this, the
region of the base layer that is in contact with the emitter
layer is generally made from Si only, without Ge. Since
the PN junction between the base and the emitter in this
case is a homogeneous junction between silicon and sil-
icon, low-voltage operation cannot be expected. In addi-
tion, further acceleration of the base transit time for the
improvement of the high frequency characteristic re-
quires to further increase the Ge content in the region of
the base layer that is in contact with the collector layer;
however, when the Ge content is too large, the difference
in lattice constant between Si and Ge (lattice mismatch)
in the SiGe layer formed on the Si substrate causes dis-
locations in the base layer, deteriorating the reliability.
This indicates that there are limits on an increase in the
Ge content. According to Reference Document 3 (S. R.
Stiffler et. al., "The thermal stability of SiGe films depos-
ited by ultrahigh-vacuum chemical vapor deposition," J.
Appl. Phys., 70 (3), pp. 1416-1420, 1991.), the upper
limit for a practical Ge content in the base layer of a hetero
junction bipolar transistor is around 10%. Therefore, un-
der the present circumstances, it is difficult to increase
the gradient of the composition of the base layer in order
to provide a transistor with a higher frequency or a lower
voltage.
[0008] On the other hand, the heterojunction bipolar
transistors with the uniform composition base structure
also have the issue of the critical thickness of the base
layer, which causes dislocations due to the above-de-
scribed lattice constant difference. In reality, the SiGe-
HBT having a high Ge content shown in Reference Doc-
ument 2 suppresses the occurrence of dislocations by
not using a process requiring a high temperature treat-
ment during fabricating. Therefore, a silicon process re-
quiring a high temperature treatment cannot be applied,
making it impossible to realize a mixed device like a BiC-
MOS device or an integrated circuit. As a result, there
are limits on achieving lower-voltage operation by further
reducing the built-in potential.

SUMMARY OF THE INVENTION

[0009] The object of the present invention is to provide
a heterojunction bipolar transistor which can operate at
a low voltage and a high speed while maintaining high
reliability by providing a means for reducing the amount
of lattice strain in the base layer even when there is a
large difference between the average band gap of the
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collector layer and the emitter layer, and the band gap
of the base layer.
[0010] The heterojunction bipolar transistor of the
present invention comprises a first semiconductor layer
made from semiconductor material containing Si as a
component; a second semiconductor layer made from
semiconductor material containing Si, Ge and C as com-
ponents, having a band gap narrower than the first sem-
iconductor layer and consisting of a top layer, a center
layer and a bottom layer; a third semiconductor layer
made from Si as a component, and having a band gap
wider than the second semiconductor layer stuched in
this order onto a substrate; and a heterojunction barrier
provided between the first semiconductor layer and the
second semiconductor layer, and further comprises: a
collector layer formed in the first semiconductor layer and
containing a first conductive impurity; a base layer formed
in the second semiconductor layer and containing a sec-
ond conductive impurity; and an emitter layer formed in
the third semiconductor layer and containing a first con-
ductive impurity, the second semiconductor layer having
an average lattice strain of 1.0% or less.
[0011] By controlling the Ge and C contents in the sec-
ond semiconductor layer represented by, for example,
Si1-x-yGexCy where x is the Ge content and y is the C
content, it becomes possible to realize low-voltage op-
eration due to a reduction in the built-in potential of the
PN junction between the emitter and the base, and to
improve operation speed due to the graded composition
base structure. In that case, unlike the SiGe layer epi-
taxially grown on the Si layer, there is no strict upper limit
for the Ge content to prevent lattice defect resulting from
lattice mismatch. In other words, in the second semicon-
ductor layer including Si, Ge and C as its components,
the difference in band gap between the second semicon-
ductor layer and the first and third semiconductor layers
can be enlarged, while the average lattice strain, which
results from the lattice mismatch with the first and third
semiconductor layers that are made from Si and other
materials, is restricted to 1.0% or less. As a result, highly
reliable and functional heterojunction bipolar transistor
can be obtained.
[0012] In the heterojunction bipolar transistor, when
the second semiconductor layer has undergone a com-
pressive strain, the difference in band gap between the
second semiconductor layer made from SiGeC and the
first semiconductor layer can be sufficiently large while
the C content is reduced. This secures reliability and im-
proves functions as well.
[0013] In the heterojunction bipolar transistor, when
the band gap of the second semiconductor layer is 1.04
eV or less, it is sufficiently different from the band gap of
Si, that is, 1.12 eV or less, thereby providing the same
advantages as above.
[0014] In the heterojunction bipolar transistor, the first
semiconductor layer is made of Si single crystal; and
when the second semiconductor layer has a composition
represented by Si1-x-yGexCy where x is the Ge content

and y is the C content, the composition is in a region
surrounded by the following four straight lines:

straight line 1: y = 0.122x - 0.032
straight line 2: y = 0.1245x + 0.028
straight line 3: y = 0.2332x - 0.0233 (C content is
22% or less)
straight line 4: y = 0.0622x + 0.0127 (Ge content is
22% or less)
on two-dimensional rectangular coordinates whose
horizontal axis and vertical axis indicate the Ge con-
tent and the C content, respectively. As a result, the
lattice strain is restricted to 1.0% or less.

[0015] In the heterojunction bipolar transistor, when
the center layer of the second semiconductor layer has
a uniform composition, a large difference in band gap is
secured between the second semiconductor layer and
the first and third semiconductor layers.
[0016] In the heterojunction bipolar transistor whose
center layer has a uniform composition, when the C con-
tent in the top layer of the second semiconductor layer
increases in the direction from the third semiconductor
layer to the center layer, the band structure changes
smoothly with almost no band offsets like notches in the
emitter-base junction, which provides the hetero junction
bipolar transistor with excellent high frequency charac-
teristic.
[0017] In the heterojunction bipolar transistor whose
center layer has a uniform composition, when the C and
Ge contents in the top layer of the second semiconductor
layer, which is arranged between the center layer and
the third semiconductor layer, increase in the direction
from the third semiconductor layer to the center layer, a
band structure which changes further smoothly at the
emitter-base junction can be obtained.
[0018] In the heterojunction bipolar transistor whose
center layer has a uniform composition, when the C con-
tent in the bottom layer of the second semiconductor lay-
er decreases in the direction from the center layer to the
first semiconductor layer, the band structure changes fur-
ther smoothly with almost no band offsets like notches
in the emitter-base junction.
[0019] In the heterojunction bipolar transistor whose
center layer has a uniform composition, when the C and
Ge contents in the bottom layer of the second semicon-
ductor layer decrease in the direction from the center
layer to the first semiconductor layer, the band structure
changes further smoothly at the emitter-base junction.
[0020] In the fundamental structure of the heterojunc-
tion bipolar transistor, the band gap in the center layer
of the second semiconductor layer decreases in the di-
rection from the third semiconductor layer to the first sem-
iconductor layer, the transit of the carriers in the base
layer is stimulated by an electric field, which accelerates
the base transit time, thereby providing the high-speed
heterojunction bipolar transistor.
[0021] In order to decrease the band gap of the second
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semiconductor layer in the direction from the third sem-
iconductor layer to the first semiconductor layer, the fol-
lowing structures are available.
[0022] The third semiconductor layer may be exclu-
sively made from Si; the top layer of the second semi-
conductor layer may have a composition which changes
contiguously to the center layer, and the portion of the
top layer that is in contact with the third semiconductor
layer may be exclusively made from Si; and the center
and top layers of the second semiconductor layer may
have a graded composition where at least one of the Ge
content and the C content increases in the direction from
the third semiconductor layer to the first semiconductor
layer.
[0023] In that case, in the center and top layers of the
second semiconductor layer, the Ge and C contents in-
crease while the ratio between these contents is kept
constant.
[0024] In the heterojunction bipolar transistor whose
second semiconductor layer has a graded composition,
when the C content or the C and Ge contents in the bot-
tom layer of the second semiconductor layer decrease
in the direction from the center layer to the first semicon-
ductor layer, the band structure changes smoothly with
almost no band offsets like notches in the emitter-base
junction as mentioned above.
[0025] In the heterojunction bipolar transistor whose
second semiconductor layer has a graded composition,
when the top layer of the second semiconductor layer is
made from Si and contains at least one of Ge and C,
either the Ge content or the C content may be changed
in the direction from the third semiconductor layer to the
first semiconductor layer.
[0026] Structures having such a graded composition
are as follows.
[0027] When the center layer of the second semicon-
ductor layer has a composition which undergoes a com-
pressive strain, there is a graded composition where the
Ge content increases in the direction from the third sem-
iconductor layer to the first semiconductor layer, while
the C content is kept constant; there is another graded
composition where the C content decreases in the direc-
tion from the third semiconductor layer to the first semi-
conductor layer, while the Ge content is kept constant;
there is further another graded composition where the
Ge content increases and the C content decreases in the
direction from the third semiconductor layer to the first
semiconductor layer; and there is further another graded
composition where the Ge content and the C content
increase in the direction from the third semiconductor
layer to the first semiconductor layer.
[0028] When the center layer of the second semicon-
ductor layer has a composition which undergoes a tensile
strain, there is a graded composition where the Ge con-
tent decreases in the direction from the third semicon-
ductor layer to the first semiconductor layer, while the C
content is kept constant; there is another graded com-
position where the C content increases in the direction

from the third semiconductor layer to the first semicon-
ductor layer, while the Ge content is kept constant; there
is further another graded composition where the Ge con-
tent decreases and the C content increases in the direc-
tion from the third semiconductor layer to the first semi-
conductor layer; and there is further another graded com-
position where the Ge content and the C content increase
in the direction from the third semiconductor layer to the
first semiconductor layer.
[0029] By providing the center layer of the second sem-
iconductor layer with a graded composition within the
region having either a compressive strain or a tensile
strain, the SiGeC content changes without passing
through the region where the center layer made from
SiGeC is lattice-matched. This can avoids inconvenienc-
es like a reverse gradient of the band gap in the center
layer of the second semiconductor layer.
[0030] In the heterojunction bipolar transistor where
the center layer of the second semiconductor layer has
a graded composition, it is preferable that either the C
content or the C and Ge contents in the top layer of the
second semiconductor layer increases in the direction
from the third semiconductor layer to the center layer.
[0031] It is also preferable that either the C content or
the C and Ge contents in the bottom layer of the second
semiconductor layer decrease in the direction from the
center layer to the first semiconductor layer.
[0032] The method for fabricating a heterojunction bi-
polar transistor of the present invention comprising: proc-
ess (a) for forming, on a first semiconductor layer of first
conductivity type which contains Si as a component and
functions as a collector layer, a second semiconductor
layer containing a SiGeC layer and having a narrower
band gap than the first semiconductor layer and an av-
erage lattice strain of 1.0% or less; process (b) for forming
a third semiconductor layer containing at least Si and
having a band gap wider than the second semiconductor
layer onto the second semiconductor layer; process (c)
for forming a conductive layer containing a first conduc-
tivity type impurity which is in contact with a part of the
third semiconductor layer; process (d) for forming a base
layer by introducing a second conductivity type impurity
at least to a part of the second semiconductor layer; and
process (e) for forming an emitter diffusion layer by dif-
fusing the first conductivity type impurity in said conduc-
tive layer into the third semiconductor layer by a heat
treatment.
[0033] According to this method, it has been confirmed
that in fabricating the heterojunction bipolar transistor,
when the crystalline of the second semiconductor layer
including Si, Ge and C has an average lattice strain of
1.0% or less, the excellent crystalline is maintained after
the heat treatment conducted in the process (e). Thus,
the diffusion of the first conductivity type impurity from
the conductive layer makes it possible to provide the
emitter diffusion layer only at the local portion of the third
semiconductor layer, thereby achieving a heterojunction
bipolar transistor with excellent electric properties includ-
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ing a high frequency characteristic.
[0034] It is preferable that a Si layer is used for the first
semiconductor layer, and in said process (a), a
Si1-x-yGexCy layer (where x is the Ge content and y is
the C content) is formed as the second semiconductor
layer, and in said process (b), a Si layer is formed as the
third semiconductor layer.
[0035] It is also preferable that in the process (a), the
second semiconductor layer is formed to have a compo-
sition in the range surrounded by four straight lines as
follows on two-dimensional rectangular coordinates
whose horizontal axis and vertical axis indicate the Ge
content and the C content, respectively;

straight line 1: y = 0.122x - 0.032
straight line 2: y = 0.1245x + 0.028
straight line 3: y = 0.2332x - 0.0233 (Ge content is
22% or less)
straight line 4: y = 0.0622x + 0.0127 (Ge content is
22% or less).

[0036] In the process (b), the first conductivity type im-
purity is doped in the third semiconductor layer concur-
rently with epitaxial growth in order to increase the con-
centration of the impurity in the third semiconductor layer
in addition to the introduction of the impurity in the proc-
ess (e), while avoiding the influence of the concentration
of the impurity on the other region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037]

Figure 1 is a state diagram showing the relation be-
tween the Ge and C contents, band gap and lattice
strain in a SiGeC ternary mixed crystal semiconduc-
tor.
Figure 2 is a cross sectional view of the heterojunc-
tion bipolar transistor in the embodiments of the
present invention.
Figures 3 (a) to 3 (k) are cross sectional views show-
ing the fabrication processes of the heterojunction
bipolar transistor in the embodiments of the present
invention.
Figures 4 (a) to 4 (c) show the energy band structure
of a prior art NPN-type Si-BJT, the energy band
structure of a prior art NPN-type SiGe-HBT having
a base layer with a uniform composition and the en-
ergy band structure of a NPN-type SiGeC-HBT hav-
ing a SiGeC base layer with a uniform composition
of the embodiments, respectively.
Figure 5 is a diagram showing a comparison of the
base voltage dependence characteristic (Gummel
plots) of the base and collector current in the heter-
ojunction bipolar transistor of the embodiments of
the present invention to those of the prior art Si-BJT
and the prior art SiGe-HBT.
Figures 6 (a) and 6 (b) are respectively a diagram

showing the relation between the position of each
crystal layer of the heterojunction bipolar transistor
in which boron for the base layer is doped in a wider
range than the SiGeC layer having a uniform com-
position and the positions of the base, emitter and
collector, and a diagram showing the energy band
of the transistor.
Figures 7 (a) and 7 (b) are respectively a diagram
showing the relation between the position of each
crystal layer of the heterojunction bipolar transistor
in which boron for the base layer is doped within the
SiGeC layer having a uniform composition and the
positions of the base, emitter and collector, and a
diagram showing the energy band of the transistor.
Figures 8 (a) and 8 (b) are respectively a diagram
showing the relation between the position of each
crystal layer of the heterojunction bipolar transistor
in which boron for the base layer is exclusively doped
in the SiGeC layer consisting of a center layer having
a uniform composition and a top and bottom layers
having a graded composition and the positions of
the base, emitter and collector, and a diagram show-
ing the energy band of the transistor.
Figures 9 (a) and 9 (b) are respectively a diagram
showing the relation between the position of each
crystal layer of the heterojunction bipolar transistor
in which boron for the base layer is exclusively doped
in the SiGeC layer consisting of a center layer having
a uniform composition and a top and bottom layers
having a graded composition (C only), and the po-
sitions of the base, emitter and collector, and a dia-
gram showing the energy band of the transistor.
Figure 10 is a state diagram showing the region
which undergoes a compressive strain of 1.0% or
less, concerning the same parameters as in Figure 1.
Figures 11 (a) to 11 (c) show the energy band struc-
ture of the prior art SiGe-HBT having a base layer
with a graded composition, the energy band struc-
ture of the SiGeC-HBT of the second embodiment
having a base layer with the graded composition and
a diagram showing the Ge content, C content and
boron concentration of the SiGeC-HBT of the second
embodiment, respectively.
Figure 12 is a state diagram showing the direction
of changing the composition when the Ge and C con-
tents are changed linearly while keeping the ratio
between them constant in the second embodiment,
concerning the same parameters as in Figure 1.
Figures 13 (a) and 13 (b) show the energy band
structure of the SiGeC-HBT of the third embodiment
having a graded composition and a diagram showing
the Ge content, C content and boron concentration
of the SiGeC-HBT, respectively.
Figure 14 is a diagram for explaining a preferable
composition gradating method for gradating the
band gap in the region which has undergone a com-
pressive strain shown in the state diagram of the
SiGeC layer.
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Figures 15 (a) to 15 (d) are diagrams showing the
composition gradating methods respectively corre-
sponding to the straight lines Co1 to Co4 shown in
Figure 14.
Figure 16 is a diagram for explaining a preferable
composition gradating method for gradating the
band gap in the region which has undergone a tensile
strain shown in the state diagram of the SiGeC layer.
Figure 17 (a) to 17 (d) are diagrams showing the
composition gradating methods respectively corre-
sponding to the straight lines Te1 to Te4 shown in
Figure 16.
Figure 18 is a plot showing the relation between the
Ge content, lattice strain and critical thickness of the
SiGe film formed on the Si layer in the prior art SiGe-
HBT or the like.
Figure 19 is a data showing changes in crystallinity
when a heat treatment (Rapid Thermal Annealing:
RTA) for 15 seconds at 950˚C is applied to the SiGeC
crystal layer represented by a general formula:
Si1-x-yGexCy.
Figures 20 (a) to 20 (d) are diagrams showing chang-
es in X-ray diffraction spectra as a result of the heat
treatment in each composition of the Si1-xGex, crys-
tal layer and the Si1-x-yGexCy crystal layer.
Figure 21 is a diagram showing VCE-IC property in
the emitter ground of the bipolar transistors having
as the base layer the Si1-xGex crystal layer and the
Si1-x-yGexCy crystal layer with a Ge content of
21.5%.
Figure 22 is a diagram showing VCE-IC property in
the emitter ground of the bipolar transistors having
as the base layer the Si1-xGex crystal layer and the
Si1-x-yGexCy crystal layer with a Ge content of
26.8%.

DETAILED DESCRIPTION OF THE INVENTION

-Advantages of making the base layer of a SiGeC layer-

[0038] Before describing each embodiment of the
present invention, advantages of using a SiGeC layer
which is a ternary mixed crystal semiconductor contain-
ing Si, Ge and C for the base layer in a heterojunction
bipolar transistor will be described as follows.
[0039] Figure 18 is a plot showing the relation between
the Ge content, lattice strain and critical thickness of the
SiGe film formed on the Si layer in the prior art SiGe-HBT
or the like. Judging from the fact that the minimum thick-
ness of the base layer practical for a HBT is around 25
nm, it will be necessary for the SiGe film to have a com-
position with a lattice strain of less than 0.5%.
[0040] On the other hand, some information of the
band gap of the SiGeC ternary mixed crystal semicon-
ductor is described in Reference Document 4 (K. Brunner
et. al., "SiGeC: Band gaps, band offsets, optical proper-
ties, and potential applications , J. Vac. Sic. Technol. B
13 (3), pp. 1701-1706, 1998). This information reveals

that the SiGeC ternary mixed crystal semiconductor has
a narrower band gap than Si single crystal, and that a
semiconductor layer having a small lattice strain can be
formed by providing a SiGeC layer on the Si single crys-
tal.
[0041] Figure 19 is a data obtained from experiments
conducted by the inventors of the present invention,
showing changes in crystallinity when a heat treatment
(RTA)is applied for 15 seconds at 950˚C to the SiGeC
crystal layer represented by a general formula:
Si1-x-yGexCy. In this diagram, the horizontal and vertical
axes indicate the Ge content and the C content, respec-
tively, and straight lines indicate composition require-
ments for keeping the amount of strain (including com-
pressive and tensile strains) and band gap constant.
Each symbol s indicates the values of the Ge and C
contents when the crystalline is well maintained, and
each symbol X indicates the values of the Ge and C con-
tents when the crystalline is deteriorated. The diagram
reveals that in the Si1-x-yGexCy crystal layer, the crystal-
line is well maintained without being deteriorated as long
as the strain is below 1.0% even if it is over 0.5%. Al-
though the data of Figure 19 only shows the case of com-
pressive strain, the same amount of strain is considered
to be a critical value for the tensile strain on principle.
[0042] Figures 20 (a) to 20 (d) are diagrams showing
changes in X-ray diffraction spectra as a result of the
heat treatment in each composition of the Si1-xGex crystal
layer and the Si1-x-yGexCy crystal layer. Of these dia-
grams, Figures 20 (a) and 20 (d) only show changes in
the X-ray diffraction spectra of the Si1-xGex crystal layer
when the layer has a Ge content of 13.2% and 30.5%,
respectively, and Figure 20 (b) and 20 (c) show changes
in X-ray diffraction spectra as a result of the heat treat-
ment in the Si1-x-yGexCy crystal layer and the Si1-xGex
crystal layer when these layers have a Ge content of
21.5% and 26.8%. The compositions of the Si1-x-yGexCy
crystal layer shown in Figures 20 (b) and 20 (c) are in-
cluded in a measured point shown in Figure 19.
[0043] For example, in Figure 20 (a), on and after the
second diffraction peaks on both sides of the zero dif-
fraction peak do not change so much (not broken) after
the heat treatment, so that the crystalline of the Si1-xGex
crystal layer is considered to be maintained compara-
tively well. This composition corresponds to that of the
Si1-xGex crystal layer having a strain of 0.5% or so shown
in Figure 18. As shown in Figure 20 (d), when the Ge
content is 30.5%, on and after the second diffraction peak
patterns on both sides of the zero diffraction peak are
hardly recognized after the heat treatment, so that the
crystalline of the Si1-xGex crystal layer is considered to
is deteriorated. This composition corresponds to that of
the Si1-xGex crystal layer having a strain of 1.0% or above
shown in Figure 18.
[0044] On the other hand, in Figure 20 (b), on and after
the second diffraction peaks on both sides of the zero
diffraction peak do not change so much (not broken) after
the heat treatment, so that the crystalline of the
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Si1-x-yGexCy crystal layer having a C content of 0.33%
is considered to be maintained comparatively well. In
contrast, when the C content is 0, or in the case of the
Si1-xGex crystal layer, on and after the second diffraction
peak patterns on both sides of the zero diffraction peak
are unclear after the heat treatment, so that the crystalline
of the Si1-xGex crystal layer is considered to be deterio-
rated. This result holds true for Figure 20 (c).
[0045] Figure 1 is a state diagram showing the relation
between the Ge and C contents, band gap and lattice
strain in a SiGeC ternary mixed crystal semiconductor.
In this diagram, the horizontal and vertical axes indicate
the Ge content and the C content, respectively, and
straight lines indicate composition requirements for
keeping the amount of strain (including compressive and
tensile strains) and band gap constant. As the data in
Figures 19, and 20 (a) to 20 (d) show, the dot-hatched
region in Figure 1 is the region where the amount of lattice
strain in the SiGeC layer on the Si layer is less than 1.0%
and the band gap can be narrower than the band gap of
the prior art practical SiGe (having a Ge content of about
10%). When the Ge and C contents in SiGeC represent-
ed by Si1-x-yGexCy are made x and y, respectively, the
above-mentioned region is surrounded by the following
four straight lines:

Straight line 1: y = 0.122x - 0.032
Straight line 2: y = 0.1245x + 0.028
Straight line 3: y = 0.2332x - 0.0233 (Ge content is
22% or less)
Straight line 4: y = 0.0622x + 0.0127 (Ge content is
22% or less)

[0046] In the diagram, the SiGeC layer having the com-
position shown on the straight line with a 0% lattice strain
is lattice-matched with the underlying Si layer.
[0047] Consequently, in a heterojunction bipolar tran-
sistor consisting of an emitter, base and collector layers,
making the base layer from the SiGeC having the com-
position shown in the dot-hatched region of Figure 1 re-
alizes a narrow band gap base which has been a practical
problem due to lattice strain.
[0048] As a result, according to the present invention,
using SiGeC ternary mixed crystal semiconductor mate-
rial having a narrow band gap and causing a small
amount of lattice strain for the base layer makes it pos-
sible to realize a highly reliable heterojunction bipolar
transistor which can operate at a low voltage and a high
speed.
[0049] Although Figure 1 shows the case where the
underlying layer of the SiGeC layer is composed of Si
only, the same effects could be obtained when the un-
derlying layer contains some Ge or C besides Si as long
as the lattice strain of the SiGeC layer is 1.0% or less
and a large difference in band gap is secured between
the underlying layer and the SiGeC layer.

-The entire structure of the heterojunction bipolar tran-
sistor and an example of its fabrication processes-

[0050] Figure 2 shows a cross sectional view of a het-
erojunction bipolar transistor of the present invention
which has a collector layer made from Si crystal and a
base layer made from SiGeC crystal.
[0051] As shown in Figure 2, a first active region Re1
and a second active region Re2 surrounded by a LOCOS
film 2 are provided on a Si substrate 1. A sub collector
layer 3a containing an n-type impurity is formed in such
a manner as to extend between the first active region
Re1 and the second active region Re2 inside the Si sub-
strate 1. Also, a Si epitaxial layer 20, which is an epitax-
ially grown first semiconductor layer, is provided on the
sub collector layer 3a in the Si substrate 1. Of the Si
epitaxial layer 20, the first active region Re1 and the sec-
ond active region Re2 have a collector layer 3b and a
collector wall layer 3c, respectively. Furthermore, a
SiGeC layer 4 as a second semiconductor layer, and a
Si layer 5 as a third semiconductor layer are epitaxially
grown in this order on the first active region Re1 of the
Si epitaxial layer 20. It must be noted that the SiGeC
layer 4 and the Si layer 5 become single crystalline films
on the portion where the Si epitaxial layer 20 on the sub-
strate is exposed, but become polycrystalline films on
the LOCOS film 2. The region above the collector layer
3b in the SiGeC layer 4 is an intrinsic base layer 8a con-
taining a p-type impurity. In the region beside the intrinsic
base layer 8a, an external base layer 8b is formed in
such a manner as to extend throughout each portion of
8x, 8y and 8z in the SiGeC layer 4, the Si layer 5 and
the Si substrate 1, respectively. Moreover, an emitter lay-
er 9 containing an n-type impurity is formed in the region
above the intrinsic base layer 8a in the Si layer 5.
[0052] The boundary between the intrinsic base layer
8a and the collector layer 3b is shown by a single line in
Figure 2; however, in reality, the PN junction, which be-
comes the boundary between the base and the collector
changes in accordance with the state the impurity has
been introduced. Consequently, the boundary between
the intrinsic base 8a and the collector layer 3b and the
boundary between the Si epitaxial layer 20 and the
SiGeC layer 4 hardly coincide with each other. This holds
true for the positional relation between the boundary of
the intrinsic base layer 8a and the emitter layer 9 and the
boundary of the SiGeC layer 4 and the Si layer 5. The
positional relation between the boundary of the Si epi-
taxial layer 20, the SiGeC layer 4 and the Si layer 5, and
the boundary of the collector layer 3b, the intrinsic base
layer 8a and the emitter layer 9 will be detailed below.
[0053] Furthermore, a BSG (Boron Silicate Glass) film
6 containing a high-concentration p-type impurity is pro-
vided on the Si layer 5, and the external base layer 8b
is doped with boron, which is a p-type impurity diffused
from the BSG film 6. A sidewall 10 made from a silicon
oxide is formed on the side surfaces of the opening of
the BSG film 6, and an emitter electrode 11 made from
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polysilicon containing a high-concentration n-type impu-
rity (like phosphorus) is formed inside the opening. A
high-concentration emitter layer 9a made by diffusing an
n-type impurity (like phosphorus) into the emitter layer 9
from the emitter electrode 11 is formed. It must be noted
that an n-type impurity (phosphorus or arsenic) can be
introduced in the emitter layer 9 previously by being
doped in-situ during the epitaxial growth.
[0054] On the second active region Re2 in the Si sub-
strate 1, a collector electrode 12 containing an n-type
impurity (like phosphorus) is formed. A collector contact
layer 14 containing the n-type impurity diffused from the
collector electrode 12 is formed on the collector wall layer
3c.
[0055] An interlevel insulator film 13 made from a sili-
con oxide is formed on the main surface of the substrate,
and A1 interconnections 21, 22 and 23 are formed to be
connected to the emitter electrode 11, the Si layer 5 and
the collector electrode 12, respectively, via contact holes
formed on the interlevel insulating film 13. The portion of
the polycrystalline film of the Si layer 5 and the SiGeC
layer 4 leads to the external base layer 8b formed in the
crystal film portion, and functions as a so-called base
electrode.
[0056] In the heterojunction bipolar transistor of this
example, the BSG film 6 for impurity doping having an
opening is formed on the SiGeC layer 4 and the Si layer
5 which are epitaxially grown, and the external base layer
8b is formed by diffusing boron, which is an p-type im-
purity, from the BSG film 6, and the high-concentration
emitter layer 9a is formed by diffusing the N-type impurity
into the emitter layer 9 from the emitter electrode 11
formed in the opening of the BSG film 6. Thus, each of
the external base layer 8b and the high-concentration
emitter layer 9a is formed in a self-aligned manner in the
opening of the BSG film 6. It is not necessary that both
the external base layer 8b and the high-concentration
emitter layer 9a are formed in a self-aligned manner in
the opening of the BSG film 6.
[0057] A method for fabricating the heterojunction bi-
polar transistor of the present embodiment will be de-
scribed as follows with reference to Figures 3 (a) to 3 (k).
[0058] First, in the process of Figure 3 (a), after the
sub collector layer 3a implanted with a high-concentra-
tion n-type impurity is formed inside the Si substrate 1,
the Si epitaxial layer 20 containing a low-concentration
n-type impurity is epitaxially grown by a LP-CVD process,
then the LOCOS film 2 surrounding the first and second
active regions Re1 and Re2 onto the Si epitaxial layer
20 are formed. The epitaxially grown Si epitaxial layer
20 becomes the collector layer 3b in the first active region
Rel, and becomes the collector wall layer 3c in the second
active region Re2.
[0059] In the process of Figure 3 (b), an about 50 nm-
thick p-type SiGeC layer 4 doped with boron at portions
other than its top end portion and bottom end portion,
and an about 20 nm-thick Si layer 5 not doped with an-
ything are epitaxially grown in this order onto the entire

surface of the substrate by a UHV-CVD process. In this
case, the SiGeC layer 4 and the Si layer 5 are single
crystalline films on the portion where the silicon surface
is exposed, and are polycrystalline films on the LOCOS
film 2. In growing the SiGeC layer 4, in a UHV-CVD de-
vice, the flow rates of disilane (Si2H6), germane (GeH4)
and methylsilane (10% SiH3CH3/H2) are set at 7.5
ml/min. , 20 ml/min. and 10 ml/min. , respectively, and
the temperature and pressure of the growth are set at
500˚C and 0.53 Pa (4 X 10-3 Torr), respectively. In grow-
ing the Si layer 5, in the UHV-CVD device, the flow rate
of disilane (Si2H6) is set at 7.5 ml/min., and the temper-
ature and pressure of the growth are set at 550˚C and 0.
27 Pa (2 X 10-3 Torr), respectively. In addition, the timing
at which boron is introduced during the epitaxial growth
of the SiGeC layer 4 is so controlled as to adjust the
positional relation between the collector-base junction
and the boundary of the Si layer 5 and the SiGeC layer 4.
[0060] When the Si layer 5 (Si single crystalline film
and Si polycrystalline film) is epitaxially grown, a relative-
ly high concentration of a n-pe impurity (phosphorus or
arsenic) may be introduced by being doped in-situ.
[0061] In the process of Figure 3 (c), of the SiGeC
layer 4 and the Si layer 5, other portions than the portion
which functions as the active base layer and the drawing
base electrode are eliminated by dry etching.
[0062] In the process of Figure 3 (d), after the BSG
film 6 having a thickness of about 200 nm and containing
about 8% of boron is deposited by an atmospheric pres-
sure CVD onto the entire surface of the substrate, the
BSG film 6 is patterned by a photolithography process
and a dry etching process so as to eliminate the second
active region Re2 entirely and to form an opening 6a for
emitter electrode formation on the first active region Re1.
[0063] In the process of Figure 3 (e), an about 100 nm-
thick protective nitride film 7 is deposited on the entire
surface of the substrate by the CVD process. During the
diffusion of boron in the next process, the protective ni-
tride film 7 prevents boron from coming out of the BSG
film 6 into the vapor phase and adhering to the exposed
portion of the silicon surface to diffuse in the substrate.
[0064] In the process of Figure 3(f), a heat treatment
is performed for 10 seconds at 950˚C in accordance with
a RTA (Rapid Thermal Anneal) process, in order to dif-
fuse boron in the BSG film 6 into the portion below the
BSG film 6 in the Si layer 5 (the portion around the open-
ing 6a), the portion below the BSG film 6 in the SiGeC
layer 4 and the portion below the BSG film 6 in the col-
lector layer 3b. In this process, the portions 8x and 8z
below the BSG film 6 in the Si layer 5 and the collector
layer 3b (the portion around the opening 6a) become p
type, and the portion 8y below the BSG film 6 in the
SiGeC layer 4 has a higher-concentration p-type impurity
to have lower resistance. As a result, in the portion around
the opening 6a, the external base layer 8b is formed in
such a manner as to extend throughout the portions 8x,
8y and 8z in the Si layer 5, the SiGeC layer 4 and the
collector layer 3b. As shown in Figures 19 and 20 (a) to
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20 (d), the crystalline of the SiGeC layer of the present
invention is maintained well without deterioration.
[0065] In the process of Figure 3 (g), the protective
nitride film 7 is etch backed by anisotropic dry etching to
form the sidewall 10 on the sides of the BSG film 6. The
sidewall 10 secures the pressure resistance of the high-
concentration emitter layer and the external base layer
which will be formed below.
[0066] In the process of Figure 3 (h), after a polysilicon
film doped with high-concentration phosphorus, which is
to be the emitter electrode and the collector electrode, is
deposited by a LPCVPD process, the polysilicon film is
patterned by dry etching to form the emitter electrode 11
and the collector electrode 12 onto the first active region
Re1 and the second active region Re2, respectively.
[0067] In the process of Figure 3 (1), the interlevel in-
sulating film 13 made from a silicon oxide is deposited
by the CVD process.
[0068] In the process of Figure 3 (j), the high-concen-
tration emitter layer 9a is formed by diffusing phosphorus
to the emitter layer 9 and the top end portion of the SiGeC
layer 4 from the emitter electrode 11 by the heat treat-
ment (RTA) for 10 seconds at 950˚C. Also, the collector
contact layer 14 is formed by diffusing phosphorus into
the collector wall layer 3c from the collector electrode 12.
In this case, as shown in Figures 19 and 20 (a) to 20 (d),
the crystalline of the SiGeC layer of the present invention
is maintained well without deterioration.
[0069] In the process of Figure 3 (k), after contact holes
which reach the emitter electrode 11, the Si layer 5 and
the collector electrode 12, respectively, are formed in the
interlevel insulating film 13 by dry etching, the A1 inter-
connections 21, 22 and 23 are formed in such a manner
as to extend from inside each contact hole onto the in-
terlevel insulating film 13.
[0070] In each of the following embodiments, the struc-
ture of the emitter, base and collector layers will be de-
scribed by taking as an example the heterojunction bi-
polar transistor with the structure shown in Figure 2 and
fabricated through the processes shown in Figures 3 (a)
to 3(k), while referring to the properties including the com-
position and tensile strains and band gap shown in Figure
1. It must be noted that the structure and fabrication proc-
esses of the heterojunction bipolar transistor of the
present invention are not limited to the one shown in Fig-
ure 2 or those shown in Figures 3 (a) to 3 (k).

(EMBODIMENT 1)

[0071] First, the SiGeC-HBT of the present embodi-
ment which includes the intrinsic base layer 8a made of
the SiGeC layer 4 having a uniform composition will be
described.
[0072] Figures 4 (a) to 4 (c) show the energy band
structure of the prior art NPN-type Si-BJT, the energy
band structure of the prior art NPN-type SiGe-HBT hav-
ing a base layer with a uniform composition and the en-
ergy band structure of the NPN-type SiGeC-HBT of the

present invention having a SiGeC base layer with a uni-
form composition, respectively.
[0073] In the prior art NPN-type Si-BJT shown in Figure
4 (a), between the emitter and the base, the potential
difference A1 between the conduction bands is equal to
the potential difference B1 between the valence bands.
Between the base and the collector, the potential differ-
ence A2 between the conduction bands is equal to the
potential difference B2 between the valence bands.
[0074] In contrast, in the prior art NPN-type SiGe-HBT
shown in Figure 4 (b), between the emitter and the base,
the potential difference B1 between the valence bands
is larger than the potential difference A1 between the
conduction bands. This indicates that the built-in poten-
tial can be reduced. Consequently, it becomes possible
to reduce the voltage required to keep the flow rate of
carriers (electrons in this case) flowing from the emitter
to the base constant, thereby to realize low-voltage op-
eration.
[0075] However, as mentioned above, the Ge content
of the SiGe base layer is generally set at 10% or less to
suppress the occurrence of dislocations due to lattice
mismatch. This makes it impossible to have a very large
difference in band gap between the SiGe layer and the
Si layer, and further makes it impossible to have a very
large difference (B1 - A1) or (B2 - A2) between the po-
tential difference B1 or B2 of the valence bands and the
potential difference A1 or A2 of the conduction bands.
As a result, there are limits on the lower-voltage opera-
tion.
[0076] On the other hand, in the NPN-type SiGeC-HBT
of the present invention shown in Figure 4 (c), between
the emitter layer 9 and the intrinsic base layer 8a, the
difference (B1 - A1) between the potential difference B1
of the valence bands and the potential difference A1 of
the conduction bands can be larger, and also between
the intrinsic base layer 8a and the collector layer 3b, the
difference (B2 - A2) between the potential difference B2
of the valence bands and the potential difference A2 of
the conduction bands can be larger than in the prior art
NPN-type SiGe-HBT. Thus, in the present embodiment,
the SiGeC layer 4 containing the intrinsic base layer 8a
has a composition corresponding to the dot-hatched re-
gion shown in Figure 1 so as to suppress the lattice strain
in the intrinsic base layer 8a to 1.0% or less and to make
the band gap smaller than that of the conventional prac-
tical SiGe layer (having a Ge content of about 10%). Con-
sequently, achievement of the above-mentioned lower-
voltage operation can be accelerated.
[0077] The following is a description of the difference
in band gap between Si, SiGe and SiGeC composing the
respective base layers of the prior art Si-BJT, the prior
art SiGe-HBT and the SiGeC-HBT of the present inven-
tion.
[0078] In the present embodiment, the SiGeC com-
posing the base layer has a Ge content of 30% and a C
content of 2.1%. As shown in Figure 1, this composition
has a lattice strain of 1.0% or less, and the band gaps of
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Si, of practical SiGe and of the SiGeC of the present
embodiment are as follows:

Si : 1.12 eV
SiGe (Ge content 10%) : 1.04 eV
SiGeC (Ge content 30%, C content 2.1%): 0.95 eV

[0079] Consequently, in the heterojunction bipolar
transistor containing an intrinsic base layer composed of
the SiGeC layer having this composition, the base layer
can have a narrower band gap than the base layer com-
posed of Si or SiGe. As a result, as shown in Figure 4
(c), the heterojunction bipolar transistor operative at a
low voltage and having a large difference (B1 - A1) be-
tween the potential difference B1 of the valence bands
and the potential difference A1 of the conduction bands
between the emitter layer 9 and the intrinsic base layer
8a, and also having a large difference (B2 - A2) between
the potential difference B2 of the valence bands and the
potential difference A2 of the conduction bands between
the intrinsic base layer 8a and the collector layer 3b.
[0080] Figure 5 is a diagram showing a comparison of
the base voltage dependence characteristic (Gummel
plots) of the base and collector current in the heterojunc-
tion bipolar transistor of the present embodiment to those
of the Si-BJT and SiGe-HBT of prior art. Provision of a
heterojunction bipolar transistor with a base layer made
from SiGeC having a narrow band gap as in the present
embodiment reduces the built-in potential in the PN junc-
tion between the emitter and the base to obtain a larger
collector current with a lower voltage than in the prior art
SiGe-HBT having a uniform composition. Thus, in the
SiGe-HBT of the present embodiment, operation at an
unprecedentedly low voltage has been achieved.
[0081] Figures 21 and 22 are diagrams showing
VCE-IC property (the relation between the collector-emit-
ter voltage and the collector current) in the emitter
grounded configuration of the bipolar transistors having
as the base layer the Si1-xGex crystal layer and the
Si1-x-yGexCy crystal layer with a Ge content of 21.5% and
26.8%, respectively. As known from these diagrams, in
the bipolar transistor using the Si1-xGex crystal layer,
there is almost no region where the collector current IC
becomes nearly flat, and the collector current heavily de-
pends on VCE. In other words, it is hard for this bipolar
transistor to perform normal amplification. This proves
that the Ge content of 10% is a practical limit for the
bipolar transistor using the Si1-xGex crystal layer.
[0082] In contrast, in the bipolar transistor using the
Si1-x-yGexCy crystal layer, there is a region where the
collector current IC becomes almost flat, and the collector
current does not depend on VCE so much. These results
indicate that the bipolar transistor using the Si1-x-yGexCy
crystal layer for the base layer can perform a stable bi-
polar operation even when the Ge content is as high as
21.5% or 26.8%

-Structure in the vicinity of the boundary between the Si

layer and the SiGeC layer-

[0083] The following is a description of the relation be-
tween the positions of the emitter layer 9 containing phos-
phorus, the intrinsic base layer 8a containing boron and
the collector layer 3b containing phosphorus of the NPN-
type heterojunction bipolar transistor and the positions
of the Si epitaxial layer 20, the SiGeC layer 4 and the Si
layer 5, with reference to Figures 6 (a), 6(b) to Figures
9 (a), 9 (b). In these diagrams, the positions of the Si
epitaxial layer 20, the SiGeC layer 4 and the Si layer 5
are distinguished by the presence or absence of Ge and
C, and the positions of the emitter layer 9, the intrinsic
base layer 8a and the collector layer 3b are distinguished
by the presence or absence of boron. Since the Si epi-
taxial layer 20 and the Si layer 5 do not contain Ge or C,
the boundary between the SiGeC layer 4 showing the
Ge and C contents and the Si epitaxial layer 20 and the
Si layer 5 is explicitly shown. The emitter layer 9 and the
collector layer 3b contain no boron, so that the boundary
between these layers 9 and 3b and the intrinsic base
layer 8a showing the concentration profile of boron is
demonstrated. Figures 6 (a), 7(a), 8 (a) and 9 (a) do no
show the concentration of phosphorus introduced to the
emitter layer 9 and the collector layer 3b.
[0084] Figure 6 (b), 7(b), 8 (b) and 9 (b) only show the
shapes of the conduction band ends and the valence
band ends extending throughout the emitter layer, the
intrinsic base layer and the collector layer.
[0085] Figure 6 (a) is a diagram showing the relation
between the positions of the Si epitaxial layer 20 and the
Si layer 5 of the heterojunction bipolar transistor in which
boron for the base layer 8a is doped in a wider range
than the SiGeC layer 4 having a uniform composition,
that is, in the Si epitaxial layer 20 and the Si layer 5 and
the positions of the intrinsic base layer 8a, the emitter
layer 9 and the collector layer 3b. Figure 6 (b) is a diagram
showing the energy band of the transistor having the im-
purity profile shown in Figure 6 (a). As shown in Figure
6 (b), when there are an emitter-base junction and a
base-collector junction outside the SiGeC layer 4, and
the heterojunction interface between Si and SiGeC is
formed abruptly like a stair, each junction has parasitic
barriers as shown in Figure 6 (a), which inhibits the transit
of the carriers and deteriorates the high frequency char-
acteristic. Moreover, the voltage required to inject the
carriers from the emitter is increased, preventing the
achievement of the lower-voltage. This is because the
silicon emitter layer and the silicon collector layer having
a large band gap are p-type. Therefore, it is not appro-
priate to form the intrinsic base layer 8a as far as outside
the SiGeC layer 4.
[0086] Figure 7 (a) is a diagram showing the relation
between the positions of the Si epitaxial layer 20 and the
Si layer 5 of the heterojunction bipolar transistor in which
boron for the base layer 8a is doped within the SiGeC
layer having a uniform composition and the positions of
the intrinsic base layer 8a, the emitter layer 9 and the
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collector layer 3b. Figure 7 (b) is a diagram showing the
energy band of the transistor having the impurity profile
shown in Figure 7 (a). In Figure 7 (b), no parasitic barriers
are formed on the heterojunction barrier shown in Figure
7 (a), but the depletion layer region of each junction has
notches, which also hinder the transit of the carriers (elec-
trons in this case). The notches are not seen in the prior
art SiGe-HBT because in the prior art Si/SiGe hetero-
junction, a band gap difference appears as band offsets
∆Ev mainly in the valence bands, and the conduction
bands have almost no potential difference, whereas in
the case of the Si/SiGeC heterojunction, the band offsets
∆EC also appear on the conduction bands. The band
offsets on the conduction bands developed in the Si/
SiGeC heterojunction increase with increasing C con-
tent. Consequently, the flow of the carriers (electrons in
this case) from the emitter layer 9 to the collector layer
3b via the intrinsic base layer 8a itself is not hindered so
much; however, the flow is slowed down by the amount
of accumulation of the carriers in the parasite notches.
Thus, the structure shown in Figure 7 (a) is preferable in
that boron is introduced only in the SiGeC layer 4, but is
not appropriate in that the SiGeC layer 4 has a uniform
composition while the C content and the Ge content are
kept constant.
[0087] Even if a p-type impurity such as boron extends
off the SiGeC layer 4, it is essential only that the p-type
region be included in the SiGeC layer 4 as a result that
the region to which the n-type impurity is introduced is
overlapped with the region to which the p-type impurity
is introduced.
[0088] Figure 8 (a) is a diagram showing the relation
between the positions of the Si epitaxial layer 20 and the
Si layer 5 of the heterojunction bipolar transistor in which
boron for the base layer 8a is exclusively doped in the
SiGeC layer 4 consisting of a center layer 4a having a
uniform composition and a top and bottom layers 4b and
4c acting as end portions with a graded composition, and
the positions of the intrinsic base layer 8a, the emitter
layer 9 and the collector layer 3b. In the bottom layer 4b
underlying the SiGeC layer 4, the Ge and C contents
gradually decrease in the direction from the center layer
4a to the Si epitaxial layer 20. In the top layer 4c overlying
the SiGeC layer 4, the Ge and the C contents gradually
increase in the direction from the Si layer 5 to the center
layer 4a. The intrinsic base layer 8a acting as the region
with boron is included in the center layer 4a having a
uniform composition where the Ge and C contents are
kept constant.
[0089] It must be noted that the Ge content and the C
content can change in stages instead of changing con-
tinuously. This holds true for each of the embodiments
described below.
[0090] Figure 8 (b) is a diagram showing the energy
band of the transistor having the impurity profile shown
in Figure 8 (a). As shown in Figure 8 (b), the heterojunc-
tion barrier has no parasitic barriers or parasitic notches
in this case. This diagram shows an energy band struc-

ture where the gradual change in the Ge content and the
C content makes the conduction band ends change
smoothly without developing an explicit potential differ-
ence. This structure results from the gradual change in
the C content which may cause the band offsets at the
conduction band ends in the bottom layer 4b and the top
layer 4c. As a result, the flow of carriers (electrons in this
case) from the emitter to the collector via the intrinsic
base is neither hindered nor slowed down. By making
the intrinsic base layer 8a be included in the center layer
4a of the SiGeC layer 4, and further making the Ge and
C contents in the bottom layer 4b adjacent to the Si epi-
taxial layer 20 of the SiGeC layer 4 be gradually de-
creased in the direction from the center layer 4a to the
Si epitaxial layer 20, it becomes possible to effectively
prevent the occurrence of parasitic barriers or notches
in the portion extending from the SiGeC layer 4 to the Si
epitaxial layer 20 in the conduction bands of the hetero-
junction bipolar transistor. Similarly, by making the intrin-
sic base layer 8a be included in the center layer 4a of
the SiGeC layer 4, and further making the Ge and C
contents in the top layer 4c adjacent to the Si layer 5 of
the SiGeC layer 4 be gradually increased in the direction
from the Si layer 5 to the center layer 4a, it becomes
possible to effectively prevent the occurrence of parasitic
barriers or notches in the portion extending from the
SiGeC layer 4 to the Si layer 5 in the conduction bands
of the heterojunction bipolar transistor.
[0091] Even if the intrinsic base layer 8a acting as the
region with boron extends between both end portions 4b,
4c of the SiGeC layer 4, no parasitic barriers are devel-
oped and the occurrence of notches can be prevented
unless the intrinsic base layer 8a extends off the SiGeC
layer 4.
[0092] In the bottom layer 4b and top layer 4c of the
SiGeC layer 4 , the Ge content and the C content can
increase with some curves, instead of increasing linearly
as shown in Figure 8 (a). Especially when the intrinsic
base layer 8a is included in the center layer 4a of the
SiGeC layer 4, the Ge content and the C content in the
end regions 4b, 4c of the SiGeC layer 4 may change
while shaping some stair-like portions.
[0093] Figure 9 (a) is a diagram showing the relation
between the positions of the Si single crystalline layer 20
and the Si layer 5 of the heterojunction bipolar transistor
in which boron for the base layer is exclusively doped in
the SiGeC layer 4 consisting of a center layer 4a having
a uniform composition and a bottom layer 4b and a top
layer 4c having a graded composition (C only) and the
positions of the intrinsic base layer 8a, the emitter layer
9 and the collector layer 3b. In the bottom layer 4b, the
Ge content is constant and the C content gradually de-
creases in the direction from the Si epitaxial layer 20 to
the center layer 4a. In the top layer 4c, the Ge content
is constant and the C content gradually increases in the
direction from the Si layer 5 to the center layer 4a. The
intrinsic base layer 8a acting as the region with boron is
included in the center layer 4a having a uniform compo-
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sition where the Ge content and the C content are con-
stant.
[0094] Figure 9 (b) is a diagram showing the energy
band of the transistor having the impurity profile shown
in Figure 9 (b). As shown in Figure 9 (b), the heterojunc-
tion barrier has no parasitic barriers or parasite notches
in this case. This diagram shows an energy band struc-
ture where the gradual change in the C content makes
the conduction band ends change smoothly without de-
veloping an explicit potential difference. This results from
the gradual change in the C content, which may cause
the band offsets at the conduction band ends in the bot-
tom layer 4b and the top layer 4c. As a result, the flow
of carriers from the emitter to the collector via the intrinsic
base is neither hindered nor slowed down. By making
the intrinsic base layer 8a be included in the center layer
4a of the SiGeC layer 4 , and further making the C content
in the bottom layer 4b adjacent to the Si epitaxial layer
20 of the SiGeC layer 4 be gradually decreased in the
direction from the center layer 4a to the Si epitaxial layer
20, while keeping the Ge content constant, it becomes
possible to effectively prevent the occurrence of parasitic
barriers or notches in the portion extending from the
SiGeC layer 4 to the Si epitaxial layer 20 in the conduction
bands of the heterojunction bipolar transistor. Similarly,
by making the intrinsic base layer 8a be included in the
center layer 4a of the SiGeC layer 4, and further making
the C content in the top layer 4c adjacent to the Si layer
5 of the SiGeC layer 4 be gradually increased in the di-
rection from the Si layer 5 to the center layer 4a while
keeping the Ge content constant, it becomes possible to
effectively prevent the occurrence of parasitic barriers or
notches in the portion extending from the SiGeC layer 4
to the Si layer 5 in the conduction bands of the hetero-
junction bipolar transistor.
[0095] Even if the intrinsic base layer 8a acting as the
region with boron extends between the bottom and top
layers 4b, 4c of the SiGeC layer 4, no parasitic barriers
are developed and the occurrence of notches can be
prevented unless the intrinsic base layer 8a extends off
the SiGeC layer 4.
[0096] Thus, by composing a graded composition
where the C content and the Ge content gradually change
on the heterojunction interface between the SiGeC layer
4 and either the Si layer 5 or the Si epitaxial layer 20, it
becomes possible to achieve a practical hetelojunction
bipolar transistor which excels in high frequency charac-
teristic and is operable at a low voltage, without hindering
the transit of the carriers (electrons) or causing an in-
crease in operation voltage.
[0097] In the bottom layer 4b and top layer 4c of the
SiGeC layer 4, the C content can increase with some
curves, instead of increasing linearly. Especially when
the intrinsic base layer 8a is included in the center layer
4a of the SiGeC layer 4, the C content in the bottom and
top layers 4b, 4c of the SiGeC layer 4 may change while
shaping some stair-like portions.
[0098] In the present embodiment, the intrinsic base

layer 8a is composed of SiGeC (Si0.679Ge0.30C0.021)
having a Ge content of 30%, a C content of 2. 1% and a
Si content of the remaining percentage. When the SiGeC
layer having this composition is epitaxially grown on the
Si layer, the SiGeC layer undergoes a compressive strain
of about 1.0%. The reason for choosing the composition
with a compressive strain is that the system with the com-
pressive strain, which is low in both Ge content and C
content, can obtain the same degree of band gap as the
band gap of the lattice-matched SiGeC layer having a
high Ge content or a high C content. To be more specific,
the Si0.679Ge0.30C0.021 layer of the present embodiment
which has undergone a compressive strain has a band
gap of 0.95 eV. In order to achieve the same narrow band
gap by the lattice-matched system, the Ge content and
the C content must be 42% and 5.1%, respectively. Thus,
it is necessary to increase both the Ge content and the
C content, which might cause the crystalline to be dete-
riorated with increasing C content. The above-mentioned
notches are also likely to occur with increasing C content.
[0099] Figure 10, which is a simplified state diagram
of Figure 1, shows the region which has undergone a
compressive strain of 1.0% or less. The dot-hatched re-
gion Ra shown in Figure 10 is a region where the lattice
strain undergoes a compressive strain of 1.0% or less,
without including the lattice match requirements. As de-
scribed above, in order to provide the intrinsic base layer
with a band gap narrow enough to obtain effects while
suppressing an increase in C content, it is preferable to
make the base layer of a SiGeC layer having the com-
position shown in the dot-hatched region Ra shown in
Figure 10.
[0100] As described hereinbefore, in the heterojunc-
tion bipolar transistor having the SiGeC layer 4 epitaxially
grown on the Si epitaxial layer 20, providing the intrinsic
base layer 8a included in the SiGeC layer 4, and making
the SiGeC layer 4 from SiGeC having a uniform compo-
sition where Ge and C are contained under the conditions
that the lattice strain is 1.0% or less and the band gap is
narrow makes the transistor operative at a low voltage
and a high speed. Since such a Si/SiGeC system heter-
ojunction bipolar transistor can be easily fabricated using
a popular silicon process, it is easily integrated on a sil-
icon substrate.
[0101] Although the collector layer 3b and the emitter
layer 9 are made from crystal exclusively composed of
Si, the present invention is not limited to this embodiment.
For example, the Si epitaxial layer 20 and the Si layer 5
can contain Ge or C to have the same effects as the
present embodiment as long as the lattice strain of the
SiGeC layer 4 is 1.0% or less.

(EMBODIMENT 2)

[0102] The SiGeC-HBT of the second embodiment
where the intrinsic base layer 8 is composed of SiGeC
having a graded composition will be described.
[0103] Figures 11 (a) to 11 (c) show the energy band
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structure of the prior art SiGe-HBT where the base layer
has a graded composition, the energy band structure of
the SiGeC-HBT of the present embodiment where the
base layer has a graded composition and a diagram
showing Ge content, C content and boron concentration
of the SiGeC-HBT of the present embodiment, respec-
tively.
[0104] In the prior art SiGe heterojunction bipolar tran-
sistor shown in Figure 11 (a), for example, the end portion
of the base layer that is in contact with the emitter layer
has a minimum Ge content (for example, 0%), and the
end portion of the base layer that is in contact with the
collector layer has a maximum Ge content (for example
10%) . As a result of this structure, the band gap in the
portion of the SiGe base layer that is in contact with the
emitter layer can have a maximum value C1, and the
band gap in the portion of the SiGe base layer that is in
contact with the collector layer can have a minimum value
C2. In the base layer made from SiGe having such a
graded composition, the gradient at the conduction band
ends causes an electric field which accelerates carriers
towards the collector layer. Such a drift transit is higher
in speed than the diffusion of the carriers, which makes
it possible to further improve the operation speed of the
heterojunction bipolar transistor. However, in this SiGe-
HBT, the average lattice strain is limited to 0.5%, so that
the Ge content in the portion of the base layer that is in
contact with the collector layer cannot be larger than
about 20%. Therefore, it has been hard to make the min-
imum value C2 of the band gap 0.97 eV or less. As a
result, the degree of the gradient of the conduction band
ends in the base layer cannot be larger than (1.12-0. 97)
(eV)/t = 0.15 eV/t (t is the thickness of the base layer).
[0105] On the other hand, as shown in Figures 11 (b)
and 11 (c), the center layer 4a of the SiGeC layer 4 con-
taining the intrinsic base layer 8a of the present embod-
iment has a Ge and C contents of 0% (exclusively made
from Si) in the portion that is in contact with the Si layer
5 (emitter layer), and has a Ge content of 40% and a C
content of 1.0% in the portion that is in contact with the
Si epitaxial layer 20 (collector layer). In the SiGeC layer
4, the Ge and C contents largely increase linearly in the
direction from the Si layer 5 to the Si epitaxial layer 20.
However, the ratio between the Ge content and the C
content in the SiGeC layer 4 is fixed at 40:1. In the bottom
layer 4b of the SiGeC layer 4, the Ge and C contents
gradually decrease in the direction from the center layer
4a to the Si epitaxial layer 20. In the present embodiment,
the portion of the SiGeC layer 4 that is in contact with the
Si layer 5 is composed of Si only, the center layer 4a and
the top layer 4c are integrated with each other with the
common composition.
[0106] In this case, the SiGeC layer having a Ge con-
tent of 40% and a C content of 1.0% has a band gap of
0.83 eV. Consequently, it becomes possible to make the
gradient of the conduction band ends (1.12-0.83) (eV)
/t=0.29eV (290 meV)/t (t is the thickness of the base lay-
er). The gradient of the conduction band ends in the

SiGeC layer 4 can be further increased by changing the
Ge content and the C content. Therefore, in the intrinsic
base layer of the present invention composed of the
SiGeC layer, the gradient of the band gap can be further
increased within a range in which the average lattice
strain (1.0%)(maximum lattice strain: 2.0%) causes no
dislocations.
[0107] According to the heterojunction bipolar transis-
tor of the present embodiment, the adjustment of the Ge
content and the C content allows the band gap at the
portion of the intrinsic base layer 8a that is in contact with
the collector layer to be extremely narrow while suppress-
ing the lattice strain in the intrinsic base layer 8a. This
achieves a HBT having a large degree of gradient to de-
crease the band gap in the direction from the emitter side
to the collector side, and having a high function of accel-
erating carriers using an electric field.
[0108] By forming the SiGeC layer 4 with a graded
composition structure where the Ge and C contents in-
crease linearly in the direction from the Si layer 5 (emitter
side) to the Si epitaxial layer 20 (collector side), it be-
comes possible to realize a HBT having a high function
of accelerating a graded electric field to linearly decrease
the band gap from the emitter side to the collector side.
To be more specific, the lattice strain in the portion of the
SiGeC layer 4 that is in contact with the Si layer 5 be-
comes 1.2%, which is larger than the value 1.0% that
can prevent the occurrence of the above-mentioned dis-
locations. However, when the SiGeC layer 4 has a grad-
ed composition structure, the average lattice strain
throughout the SiGeC layer 4 becomes an important val-
ue. In the present embodiment, the SiGeC layer 4 has
an average lattice strain of 0.6%. Since this value is less
1.0%, no dislocations are caused in the intrinsic base
layer 8a, and there is no problem. In the SiGeC layer 4
containing the intrinsic base layer 8a with such a graded
composition structure, there is a change in band gap of
290 meV from the emitter side end to the collector side
end in the SiGeC layer 4, which delivers a higher function
of accelerating the electric field for carriers (electrons in
this case), thereby achieving a SiGeC-HBT capable of
operating at an ultra high speed.
[0109] It is not necessary that the energy gap in the
SiGeC layer 4 increases linearly in the direction from the
Si layer 5 to the Si epitaxial layer 20; however, the linear
increase has a particularly effective function to acceler-
ate carriers, making it possible to provide the carriers
with a fixed acceleration speed in the SiGeC layer 4.
[0110] The state where the average lattice strain
throughout the SiGeC layer 4 is 1.0% or less refers to
the following case. For example, when the portion of the
SiGeC layer 4 composing the intrinsic base layer 8a that
is in contact with the Si layer 5 (emitter side end) is com-
posed of Si only, and there is a triangle profile where the
Ge and C contents increase linearly in the direction from
the portion in contact with the Si layer 5 to the portion in
contact with the Si epitaxial layer 20 (collector side end),
the amount of the lattice strain of the composition in the
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collector side end in the center layer 4a which makes the
Ge and C contents at their peaks is 2% or less.
[0111] The present embodiment has so far described
the case where the SiGeC layer 4 which has the compo-
sition of the region Ra (Refer to Figure 10) undergoing
a compressive strain has a graded composition. In that
case, the following points should be paid attention.
[0112] Figure 12 is a diagram showing the relation be-
tween the Ge and C contents, band gap and lattice strain
in the same SiGeC ternary mixed crystal semiconductor
as the conductor shown in Figure 1. In the diagram, the
arrows show the direction of changes in composition
when the Ge and C contents are changed linearly while
the ratio between them is kept constant. As known from
Figure 12, when the band gap is gradated while the
SiGeC layer 4 is lattice-matched (the portion on the
straight line indicating a lattice strain of 0% in Figure 12),
if the composition of the SiGeC layer 4 is slightly out of
the specification due to composition control failure, the
composition would change in the direction nearly per-
pendicular to the isobaric line of the band gap. This
makes the band gap fluctuate too large to keep repro-
ductivity. For this reason, it is preferable to provide a
graded composition to either the region which has un-
dergone the compressive strain or the region which has
undergone the tensile strain in the SiGeC layer 4, and
not to use the structure to gradate the band gap under
the state of lattice match. From the viewpoint of crystal
growth, it is preferable to have a graded composition in
the region which has undergone a compressive strain in
that a narrower band gap can be realized while making
the Ge and C contents as small as possible.
[0113] From the reasons mentioned hereinbefore, in
the SiGeC layer 4 of the present embodiment which con-
tains the intrinsic base layer 8a, it is preferable to change
the Ge and C contents within the region which undergoes
a compressive strain less than the average compressive
strain of 1.0% throughout the SiGeC layer 4, not including
the portion meeting the lattice match requirements (the
portion on the straight line indicating a lattice strain of
0% in Figure 12).
[0114] Furthermore, in the present embodiment, as
shown in Figure 11 (c), the Ge and C contents in the
bottom layer 4b of the SiGeC layer 4 are gradually de-
creased in the direction from the center layer 4a to the
Si epitaxial layer 20. Consequently, in the same manner
as in Embodiment 1, it becomes possible to prevent the
occurrence of parasitic barriers (Refer to Figure 6 (a)) or
notches (Refer to Figure 7 (a)) in the base-collector junc-
tion interface (the heterojunction barrier between the
SiGeC layer 4 and the Si epitaxial layer 20) to suppress
the development of an explicit potential difference in the
conduction bands, thereby to obtain a smooth band struc-
ture.
[0115] It must be noted that only the C content in the
bottom layer 4b can be decreased gradually in the direc-
tion from the center layer 4a to the Si epitaxial layer 20,
and that it is not always necessary to make the bottom

layer 4b have a graded composition in some types of
bipolar transistors where band offsets like notches cause
no serious inconvenience.
[0116] In a SiGeC-HBT of the present embodiment
provided with the intrinsic base layer 8a made of the
SiGeC layer 4 having the graded composition, the pro-
vision of a graded composition where the C content and
the Ge content change at the Si/SiGeC heterojunction
interface achieves a practical heterojunction bipolar tran-
sistor which excels in a high frequency characteristic,
and not hinders the transit of the carriers.

(EMBODIMENT 3)

[0117] The following is a description of the SiGeC-HBT
of a third embodiment which includes the intrinsic base
layer 8a made from SiGeC having a graded composition
and has a reduced built-in potential between the emitter
and the base.
[0118] Figures 13 (a) and 13 (b) are a diagram showing
the energy band structure of the SiGeC-HBT of the third
embodiment having a graded composition, and a dia-
gram showing the Ge content, C content and boron con-
centration of this SiGeC-HBT, respectively. In the
present embodiment, of the center layer 4a of the SiGeC
layer 4 composing the intrinsic base layer 8a, the portion
in contact with the Si layer 5 acting as the emitter is not
composed of Si only but of either SiGe or SiGeC having
a narrower band gap than Si. Similarly, of the center layer
4a of the SiGeC layer 4, the portion in contact with the
Si epitaxial layer 20 acting as the collector is composed
of SiGeC having a narrower band gap than Si. In the
bottom layer 4b of the SiGeC layer 4, the Ge content and
the C content gradually decrease in the direction from
the center layer 4a to the Si epitaxial layer 20. In the top
layer 4c of the SiGeC layer 4, the Ge and C contents
gradually increase in the direction from the Si layer 5 to
the center layer 4a.
[0119] The potential difference A1 in conduction band
between the SiGeC layer 4 and the Si layer 9 is made
smaller than the potential difference B1 in valence band
between the SiGeC layer 4 and the Si layer 9. In other
words, the built-in potential of the PN junction between
the emitter and the base is reduced to realize operation
at a low voltage. Similar to the second embodiment, the
potential difference A2 in conduction band between the
SiGeC layer 4 and the Si epitaxial layer 20 is smaller than
the potential difference B2 in valence band between the
SiGeC layer 4 and the Si epitaxial layer 20.
[0120] In the SiGeC layer 4, the band gap C1 of the
portion in contact with the Si layer 5 is larger than the
band gap C2 of the portion in contact with the Si epitaxial
layer 20. In other words, the band gap of the SiGeC layer
4 composing the intrinsic base layer 8a linearly decreas-
es in the direction from the Si layer 5 (emitter side) to the
Si epitaxial layer 20 (collector side). Thus, The SiGeC
layer 4 has a graded composition, which causes a graded
electric field in the intrinsic base layer 8a so as to accel-
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erate the transit of the carriers in the intrinsic base layer
8a, thereby achieving high speed operation. The com-
position determined makes the amount of the average
strain throughout the SiGeC layer 1.0% or less. The
structure thus described achieves a heterojunction bipo-
lar transistor which is operative at a low voltage and ex-
cels in high frequency characteristic.
[0121] The following is a description of the specific
composition of the SiGeC layer 4 adopted in the present
embodiment. Of the SiGeC layer 4, the portion in contact
with the Si layer 5 (emitter side) has a Ge content of 30%
and a C content of 3.3%, whereas the portion in contact
with the Si epitaxial layer 20 (collector side) has a Ge
content of 40% and a C content of 3.3%. Thus, both end
portions of the SiGeC layer 4 have the same C content.
In the SiGeC layer 4, the Ge content linearly increases
in the direction from the Si layer 5 (emitter side) to the Si
epitaxial layer 20 (collector side).
[0122] It is not necessary that the energy gap in the
SiGeC layer 4 increases linearly in the direction from the
Si layer 5 to the Si epitaxial layer 20; however, the linear
increase has a particularly effective function of acceler-
ating carriers, making it possible to provide the carriers
with a fixed acceleration speed in the SiGeC layer 4.
[0123] In this case, of the SiGeC layer 4, the portion
in contact with the Si layer 5 (a Ge content of 30% and
a C content of 3.3%) has a band gap of 0.99 eV and a
lattice strain of 0.1%, whereas the portion in contact with
the Si epitaxial layer 20 (a Ge content of 40% and a C
content of 3.3%) has a band gap of 0.91 eV and a lattice
strain of 0.5%. As a result, the average lattice strain
throughout the SiGeC layer 4 becomes about 0.3%,
causing no practical problem. Making the intrinsic base
layer 8a of the SiGeC layer 4 having such a composition
achieves a SiGeC-HBT having an emitter-side band gap
narrower than in the prior art SiGe-HBT and being oper-
ative at a low voltage and a high speed.
[0124] From the viewpoint of crystal growth, it is better
to form the graded composition in the region which has
undergone a compressive strain than to form it in the
region with no strain to obtain a narrower band gap with
a smaller C content . Therefore, the intrinsic base layer
8a of the present embodiment is also made from SiGeC
which has undergone a compressive strain. Although it
is already explained, when the band gap is gradated un-
der the state of lattice match in the SiGeC layer 4 as
known from Figure 12, if the composition is slightly out
of the specification due to composition control failure, the
band gap fluctuates too large to keep reproductivity. For
this reason, it is preferable that in either region Ra which
has undergone a compressive strain or region Rb which
has undergone a tensile strain, the graded composition
of the SiGeC layer 4 changes in the direction from the Si
layer 5 (emitter side) to the Si epitaxial layer 20 (collector
side), and not to use the structure to gradate the band
gap under the state of the lattice match. It must be noted
that the direction of gradating the Ge and C contents is
different in the case where the band gap is gradated in

the region Ra which has undergone a compressive strain
from the case where the band gap is gradated in the
region Rb which has undergone a tensile strain. The fol-
lowing is a description of composition gradation methods
for gradating the band gap for the region Ra which has
undergone a compressive strain, and composition gra-
dation methods for gradating the band gap for the region
Rb which has undergone a tensile strain.

-Compositiongradationmethods for the regionwhichhas
undergone a compressive strain-

[0125] Figure 14 is a diagram for explaining preferable
composition gradating methods for gradating the band
gap in the region Ra which has undergone a compressive
strain shown in the state diagram of the SiGeC layer 4.
In order to reduce the band gap, approaches shown in
straight lines Co1 to Co4 are available.
[0126] Figures 15 (a) to 15 (d) are diagrams showing
composition gradating methods corresponding to
straight lines Co1 to Co4, respectively shown in Figure
14.
[0127] Figure 15 (a) is a diagram showing the case
where in the SiGeC layer 4, the Ge content is linearly
increased in the direction from the Si layer 5 (emitter side)
to the Si epitaxial layer 20 (collector side) while the C
content constant is kept constant along the straight line
Co1 shown in Figure 14.
[0128] Figure 15 (b) is a diagram showing the case
where in the SiGeC layer 4, the C content is linearly de-
creased in the direction from the Si layer 5 (emitter side)
to the Si epitaxial layer 20 (collector side) while the Ge
content is kept constant along the straight line Co2 shown
in Figure 14.
[0129] Figure 15 (c) is a diagram showing the case
where in the SiGeC layer 4, the Ge content is linearly
increased and the C content is linearly decreased in the
direction from the Si layer 5 (emitter side) to the Si epi-
taxial layer 20 (collector side) along the straight line Co3
shown in Figure 14.
[0130] Figure 15 (d) is a diagram showing the case
where in the SiGeC layer 4, both the Ge content and the
C content are linearly increased in the direction from the
Si layer 5 (emitter side) to the Si epitaxial layer 20 (col-
lector side) along the straight line Co4 shown in Figure
14.

-Compositiongradatingmethods for the regionwhichhas
undergone a tensile strain-

[0131] Figure 16 is a diagram for explaining preferable
composition gradating methods for gradating the band
gap in the region which has undergone a tensile strain
shown in the state diagram of the SiGeC layer 4. In order
to reduce the band gap, approaches shown in straight
lines Te1 to Te4 are available.
[0132] Figures 17 (a) to 17 (d) are diagrams showing
composition gradating methods corresponding to
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straight lines Te1 to Te4, respectively shown in Figure 16.
[0133] Figure 17 (a) is a diagram showing the case
where in the SiGeC layer 4, the Ge content is linearly
decreased in the direction from the Si layer 5 (emitter
side) to the Si epitaxial layer 20 (collector side) while the
C content is kept constant along the straight line Te1
shown in Figure 16.
[0134] Figure 17 (b) is a diagram showing the case
where in the SiGeC layer 4, the C content is linearly in-
creased in the direction from the Si layer 5 (emitter side)
to the Si epitaxial layer 20 (collector side) while the Ge
content is kept constant along the straight line Te2 shown
in Figure 16.
[0135] Figure 17 (c) is a diagram showing the case
where in the SiGeC layer 4, the Ge content is linearly
decreased and the C content is linearly increased in the
direction from the Si layer 5 (emitter side) to the Si epi-
taxial layer 20 (collector side) along the straight line Te3
shown in Figure 16.
[0136] Figure 17 (d) is a diagram showing the case
where in the SiGeC layer 4, both the Ge content and the
C content are linearly increased in the direction from the
Si layer 5 (emitter side) to the Si epitaxial layer 20 (col-
lector side) along the straight line Te4 shown in Figure 16.
[0137] As described above, when the composition of
the portion in contact with the Si layer 5 (emitter side) of
the SiGeC layer is made to agree with the lattice match
requirements (on the straight line indicating a strain of
0%), inaccurate control of the SiGeC composition might
cause a reverse band gap gradient (which makes the
band gap decrease from the collector side to the emitter
side), depending on the gradient direction of the SiGeC
composition. For this reason, it is preferable that the com-
position of the SiGeC layer 4 is gradated in either one of
the region Ra which undergoes a compressive strain or
the region Rb which undergoes a tensile strain by bring-
ing the composition of the portion of the SiGeC layer 4
which is in contact with the Si layer 5 out of the lattice
match requirements.
[0138] In the present embodiment, of the SiGeC layer
4 composing the intrinsic base layer 8a in the SiGeC-
HBT, the portion in contact with the Si layer 5 acting as
the emitter layer 9 is not exclusively composed of Si, but
further includes at least one of Ge and C so as to make
the band gap of the portion of the SiGeC layer 4 that is
in contact with the Si layer 5 smaller than the Si layer 5.
As a result, in addition to the same effects as in the sec-
ond embodiment, the built-in potential of the PN junction
between the emitter and the base can be reduced, which
leads to achievement of the SiGeC-HBT operative at a
lower voltage.
[0139] The present embodiment also adopts a com-
position of SiGeC which makes the average amount of
strain throughout the SiGeC layer 41.0%, so as to realize
a hetero junction bipolar transistor which is operative at
a low voltage and excels in high frequency characteristic.
[0140] In the present embodiment, of the SiGeC layer
4, the composition of the portion in contact with the Si

layer 5 includes Si, Ge and C. However, as known from
Figures 14 and 16, when the graded composition control
is performed in the region Ra which has undergone a
compressive strain, the portion may be composed of Si
and Ge, without C, whereas when the graded composi-
tion control is performed in the region Rb which has un-
dergone a tensile strain, the portion may be composed
of Si and C, without Ge.
[0141] In the present embodiment, as shown in Figure
13 (b), the Ge content and the C content in the bottom
layer 4b of the SiGeC layer 4 are gradually decreased
in the direction from the center layer 4a to the Si epitaxial
layer 20, and the Ge content and the C content in the top
layer 4c of the SiGeC layer 4 are gradually increased in
the direction from the Si layer 5 to the center layer 4a.
Similar to the first embodiment, the occurrence of para-
sitic barriers (Refer to Figure 6 (a)) or notches (Refer to
Figure 7 (a)) in the base-collector junction interface (the
heterojunction barrier between the SiGeC layer 4 and
the Si epitaxial layer 20) is prevented to suppress devel-
opment of an explicit potential difference in the conduc-
tion bands, thereby obtaining a smooth band structure.
[0142] It must be noted that only the C content in the
bottom layer 4b and the top layer 4c may be decreased
gradually in the direction from the center layer 4a to either
the Si epitaxial layer 20 or the Si layer 5, and that it is
not always necessary to make the bottom layer 4b and
the top layer 4c have a graded composition in some types
of bipolar transistors where band offsets like notches
cause no serious inconvenience.
[0143] In the SiGeC-HBT of the present embodiment
including the intrinsic base layer 8a made of the SiGeC
layer 4 with a graded composition, the provision of a grad-
ed composition where the C content and the Ge content
gradually change at the Si/SiGeC heterojunction inter-
face achieves a practical heterojunction bipolar transistor
which excels in a high frequency characteristic, and not
hinder the transit of the carriers.
[0144] Each of the aforementioned embodiments
deals with improvement of the characteristics of the het-
erojunction bipolar transistor shown in Figure 2 as a sin-
gle structure; however, it goes without saying that a bi-
polar transistor of a BiCMOS device, which is an integra-
tion of a bipolar transistor and a CMOS, can be composed
of the SiGeC-HBT of the present invention.
[0145] The present invention is described by taking a
NPN-type SiGeC-HBT as an example in the embodi-
ments; however, it goes without saying that the present
invention is applicable to a PNP-type SiGeC-HBT.

Claims

1. A heterojunction bipolar transistor comprising a first
semiconductor layer (20) made from semiconductor
material containing Si as a component; a second
semiconductor layer (4) made from semiconductor
material containing Si, Ge and C as components,
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having a band gap narrower than the first semicon-
ductor layer (20) and consisting of a top layer (4c),
a center layer (4a) and a bottom layer (4b); a third
semiconductor layer (5) made from Si as a compo-
nent, and having a band gap wider than the second
semiconductor layer (4) stacked in this order onto a
substrate (1); and a heterojunction barrier provided
between the first semiconductor layer (20) and the
second semiconductor layer (4),

said heterojunction bipolar transistor further
comprising:

a collector layer (3b) formed in the first sem-
iconductor layer (20) and containing a first
conductive impurity;
a base layer (8a) formed in the second sem-
iconductor layer (4) and containing a sec-
ond conductive impurity; and
an emitter layer (9) formed in the third sem-
iconductor layer (5) and containing a first
conductive impurity,
the second semiconductor layer (4) having
an average lattice strain of 1.0% or less,

wherein in the center layer (4a) of the second
semiconductor layer (4), the band gap decreas-
es in a direction from the third semiconductor
layer (5) to the first semiconductor layer (20),
the second conductive impurity is comprised on-
ly in the center layer (4a) of the second semi-
conductor layer (4),

characterized in that
in the top layer (4c) of the second semiconductor
layer (4), the C content increases in a direction from
the third semiconductor layer (5) to the center layer
(4a).

2. A heterojunction bipolar transistor comprising a first
semiconductor layer (20) made from semiconductor
material containing Si as a component; a second
semiconductor layer (4) made from semiconductor
material containing Si, Ge and C as components,
having a band gap narrower than the first semicon-
ductor layer (20) and consisting of a top layer (4c),
a center layer (4a) and a bottom layer (4b); a third
semiconductor layer (5) made from Si as a compo-
nent, and having a band gap wider than the second
semiconductor layer (4) stacked in this order onto a
substrate (1); and a heterojunction barrier provided
between the first semiconductor layer (20) and the
second semiconductor layer (4),

said heterojunction bipolar transistor further
comprising:

a collector layer (3b) formed in the first sem-

iconductor layer (20) and containing a first
conductive impurity;
a base layer (8a) formed in the second sem-
iconductor layer (4) and containing a sec-
ond conductive impurity; and
an emitter layer (9) formed in the third sem-
iconductor layer (5) and containing a first
conductive impurity,
the second semiconductor layer (4) having
an average lattice strain of 1.0% or less.

wherein in the center layer (4a) of the second
semiconductor layer (4), the band gap decreas-
es in a direction from the third semiconductor
layer (5) to the first semiconductor layer (20),
the second conductive impurity is comprised on-
ly in the center layer (4a) of the second semi-
conductor layer (4),
characterized in that
in the bottom layer (4b) of the second semicon-
ductor layer (4), the C content decreases in a
direction from the center layer (4a) to the first
semiconductor layer (20).

3. The heterojunction bipolar transistor of claim 1 or
claim 2, wherein

the third semiconductor layer (5) is exclusively
made from Si;
the top layer (4c) of the second semiconductor
layer (4) has a composition which changes con-
tiguously to the center layer (4a), and a portion
of the top layer (4c) that is in contact with the
third semiconductor layer (5) is exclusively
made from Si; and
the center layer (4a) and top layer (4c) of the
second semiconductor layer (4) have a compo-
sition where at least one of the Ge content and
the C content increases in a direction from the
third semiconductor layer (5) to the first semi-
conductor layer (20).

4. The heterojunction bipolar transistor of claim 3,
wherein in the center layer (4a) and top layer (4c) of
the second semiconductor layer (4), the Ge content
and the C content increase while a ratio between the
Ge content and the C content is kept constant.

5. The heterojunction bipolar transistor of claim 1 or
claim 2, wherein in the bottom layer (4b) of the sec-
ond semiconductor layer (4), the C content decreas-
es in a direction from the center layer (4a) to the first
semiconductor layer (20).

6. The heterojunction bipolar transistor of claim 1 or
claim 2, wherein in the bottom layer (4b) of the sec-
ond semiconductor layer (4), the Ge content and the
C content decrease in a direction from the center
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layer (4a) to the first semiconductor layer (20).

7. The heterojunction bipolar transistor of claim 1 or
claim 2, wherein

the top layer (4c) of the second semiconductor
layer (4) is made from Si and contains at least
one of Ge and C, and
the second semiconductor layer (4) has a grad-
ed composition where either the Ge content or
the C content changes in a direction from the
third semiconductor layer (5) to the first semi-
conductor layer (20).

8. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a compressive strain, and also has a graded
composition where the Ge content increases in
a direction from the third semiconductor layer
(5) to the first semiconductor layer (20), while
the C content is kept constant.

9. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a compressive strain, and also has a graded
composition where the C content decreases in
a direction from the third semiconductor layer
(5) to the first semiconductor layer (20), while
the Ge content is kept constant.

10. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a compressive strain, and also has a graded
composition where the Ge content increases
and the C content decreases in a direction from
the third semiconductor layer (5) to the first sem-
iconductor layer (20).

11. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a compressive strain, and also has a graded
composition where the Ge content and the C
content increase in a direction from the third
semiconductor layer (5) to the first semiconduc-
tor layer (20).

12. The heterojunction bipolar transistor of claim 7,
wherein

the center layer of the second semiconductor
layer has a composition which undergoes a ten-
sile strain, and also has a graded composition
where the Ge content decreases in a direction
from the third semiconductor layer to the first
semiconductor layer, while the C content is kept
constant.

13. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a tensile strain, and also has a graded compo-
sition where the C content increases in a direc-
tion from the third semiconductor layer (5) to the
first semiconductor layer (20), while the Ge con-
tent is kept constant.

14. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a tensile strain, and also has a graded compo-
sition where the Ge content decreases and the
C content increases in a direction from the third
semiconductor layer (5) to the first semiconduc-
tor layer (20).

15. The heterojunction bipolar transistor of claim 7,
wherein

the center layer (4a) of the second semiconduc-
tor layer (4) has a composition which undergoes
a tensile strain, and also has a graded compo-
sition where the Ge content and the C content
increase in a direction from the third semicon-
ductor layer (5) to the first semiconductor layer
(20).

16. The heterojunction bipolar transistor of claim 7,
wherein

in an end region (4c) of the second semiconduc-
tor layer (4) that is between the center layer (4a)
and the third semiconductor layer (5) in a vertical
direction, the C content increases in a direction
from the third semiconductor layer (5) to the
center layer (4a).

17. The heterojunction bipolar transistor of claim 7,
wherein

in the top layer (4c) of the second semiconductor
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layer (4), the C content and the Ge content in-
crease in a direction from the third semiconduc-
tor layer (5) to the center layer (4a).

18. The heterojunction bipolar transistor of claim 7,
wherein

in the bottom layer (4b) of the second semicon-
ductor layer (4), the C content decreases in a
direction from the center layer (4a) to the first
semiconductor layer (20).

19. The heterojunction bipolar transistor of claim 7,
wherein

in the bottom layer (4b) of the second semicon-
ductor layer (4), the C content and the Ge con-
tent decrease in a direction from the center layer
(4a) to the first semiconductor layer (20).
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